contributed equally to this work
Introduction
Many proteins cannot reach their native conformation by themselves within the crowded environment of the cell. To do so, they need the help of one or more components of a large family of proteins termed molecular chaperones (reviewed in Bukau and Horwich, 1998; Bukau et al., 2000; Saibil, 2000; Frydman, 2001; Horwich et al., 2001) . These proteins assist in productive folding by preventing the aggregation of an unfolded protein or by providing an appropriate environment in which the protein can reach the native state using the information encoded in its own amino acid sequence. Among chaperones, an essential role is played by the chaperonins, a group of proteins found in every known organism (Ellis, 1996) . Chaperonins are toroidal complexes formed by the oligomerization of 60 kDa proteins. These complexes act on a large variety of proteins using a mechanism that involves the recognition of the unfolded polypeptide by hydrophobic residues at the entrance of the chaperonin's central cavity. In the case of group I chaperonins (i.e. those present in eubacteria and endosymbiotic organelles), the polypeptide is discharged into the cavity as a result of interaction between the chaperonin and a small oligomer termed a co-chaperonin; there it has an opportunity to fold spontaneously. This general mechanism has been well characterized for GroEL, the chaperonin from Escherichia coli, and its cochaperonin GroES (reviewed in Hartl, 1996; Buckle et al., 1997; Lorimer, 1997; Ranson et al., 1998; Grantcharova et al., 2001) . It is generally supposed that a similar mechanism applies in the case of other chaperonins belonging to group I.
There is no homolog of GroES that operates in conjunction with group II chaperonins (i.e. those found in archaeabacteria and in the eukaryotic cytosol). Within this group, the cytosolic chaperonin CCT (chaperonin containing TCP-1; also termed c-cpn or TriC; Frydman et al., 1992; Gao et al., 1992; Lewis et al., 1992 ) is a toroidal complex formed by two rings each composed of eight different, albeit homologous subunits (reviewed in Willison, 1999 Willison, , 2001 ). This chaperonin is essential for the productive folding of actins and tubulins in vitro and in vivo (Gao et al., 1992; Sternlicht et al., 1993; Chen et al., 1994; Vinh and Drubin, 1994) . There is also evidence that CCT participates in the folding of G a transducin (Farr et al., 1997) , cyclin E (Won et al., 1998) and the Hippel±Landau tumor suppressor protein VHL (Feldman et al., 1999) . The extent to which CCT might contribute to the facilitated folding of other newly synthesized cytosolic proteins Feldman and Frydman, 2000; McCallum et al., 2000) is a matter of controversy (reviewed in Cowan, 2002) . Nonetheless, it is likely that the heteromeric nature of CCT has functional signi®cance: for example, recent studies point to the binding of unfolded actin and tubulin to speci®c CCT subunits (Llorca et al., 1999 (Llorca et al., , 2000 .
The folding mechanism of CCT has some features in common with that of GroEL±GroES, but there are also signi®cant differences. Although both chaperonins undergo large conformational changes upon nucleotide binding, CCT lacks the concerted action of a co-chaperonin, although it has an extra domain that seals the cavity and mimics part of the co-chaperonin function (Klumpp et al., 1997) . Moreover, CCT does not release its substrates into the cavity; rather, they remain bound to the chaperonin (Llorca et al., 2001a) .
CCT does not function in isolation in the facilitated folding of actins and tubulins, but does so in conjunction with another molecular chaperone named prefoldin (PFD; also termed GimC; Geissler et al., 1998; Vainberg et al., 1998) . PFD is a heterohexameric protein that exists in archaeabacterial and eukaryotic organisms and, like its partner CCT, has evolved from a simple oligomer in Structure of eukaryotic prefoldin and of its complexes with unfolded actin and the cytosolic chaperonin CCT The EMBO Journal Vol. 21 No. 23 pp. 6377±6386, 2002 ã European Molecular Biology Organization archaea to a more complex assembly in eukarya. In the case of archaeal PFD, the chaperone contains two different proteins (i.e. two a-subunits and four b-subunits). However, in eukaryotes, PFD exists as a more complex oligomer assembled from six different proteins, two of which are a-like and four of which are b-like (Vainberg et al., 1998; Leroux et al., 1999) .
Recently, the structure of the archaeal PFD from Methanobacterium thermoautotrophicum has been obtained at atomic resolution (Siegert et al., 2000) . The features of this molecule correlate well with its proposed function, i.e. the protection of relatively unfolded molecules pending their transfer to the chaperonin (Vainberg et al., 1998; Hansen et al., 1999) . The structure of archaeal PFD resembles a jelly®sh in that it is made up of a double b-barrel and six tentacles, each of them consisting of a coiled coil. The tips of the tentacles contain hydrophobic residues that are involved in the binding of unfolded proteins.
Here we show by electron microscopy that, at relatively low resolution, eukaryotic PFD possesses a similar structure to that of archaeal PFD, with the six arms protruding from the base of the oligomer. Three-dimensional reconstruction of the same oligomer complexed with an unfolded actin molecule reveals that the PFDbound target protein has a de®ned conformation that crosses the PFD cavity and seems to interact with the tips of the chaperone. We also describe the three-dimensional reconstruction of a symmetric complex formed between CCT and one PFD oligomer bound to each of the CCT rings. This con®rms the physical interaction between the two chaperones, and reveals that PFD interacts with two speci®c subunits in each of the CCT rings, placed in a 1,4 arrangement. The two PFD-binding subunits from one ring interact with the corresponding pair contained in the opposite ring through their equatorial domains, suggesting a model for the phasing of the two rings of CCT.
Results
Three-dimensional structure of eukaryotic PFD To ascertain the structural features of eukaryotic PFD, we examined its appearance in the electron microscope. Figure 1A shows a gallery of negatively stained particles of eukaryotic PFD. The gallery shows the three preferred orientations, which are orthogonal; this allows a comprehensive coverage of the whole space. No attempt was made to carry out microscopy of unstained specimens because of the very small size of the PFD molecule (~90 kDa); indeed, the three-dimensional reconstruction was performed using the smallest molecule thus far reconstructed using single particle methodology. The results reveal features that are similar to the archaeal counterpart, although these appear at much lower resolution (compare the views of the three-dimensional reconstruction depicted in Figure 1B±E with the corresponding views of the atomic structure of archaeal PFD shown in Figure 1F ). The same jelly®sh-like appearance is Siegert et al., 2000) ; PDB accession code 1FXK. The arrow points to a kink in the eukaryotic structure of PFD that is found reproducibly in all the three-dimensional reconstructions generated, and which is not present in the atomic structure of the archaeal PFD. Scale bar = 50 A Ê .
observed, with the central tentacles protruding farther from the base of the structure than the peripheral ones. There are, however, some minor differences between the two structures, which were reproducible in each of the three independent reconstructions performed, the most prominent being a kink in two of the PFD tentacles (see arrow in Figure 1B ). In the archaeal homolog, the two central tentacles belong to the two a-subunits and the four peripheral ones to the b-subunits (Fandrich et al., 2000; Siegert et al., 2000) . The contacts observed between two of the peripheral tentacles and the two central ones are a result of the relatively low resolution obtained for the PFD molecule (24 A Ê ). The identical effect is observed in the three-dimensional structure of the archaeal PFD when the resolution is limited to 20 A Ê (not shown), a higher resolution than that obtained in this reconstruction. The high degree of amino acid sequence similarity among archaeal and eukaryotic subunits (Vainberg et al., 1998; Leroux et al., 1999; Siegert et al., 2000) strongly suggests that the a-like subunits (PFD3/Gim2 and PFD5/Gim5) are located in the center of the structure, while the four b-like subunits (PFD1/Gim6, PFD2/Gim4, PFD4/Gim3 and PFD6/Gim1) are at the periphery. However, the arrangement of the latter has not been determined.
Three-dimensional structure of the PFD:actin complex Genetic experiments in yeast have implicated actins and tubulins unambiguously as bona ®de substrates for binding to eukaryotic PFD (Geissler et al., 1998; Vainberg et al., 1998) . To generate PFD:actin complexes, we presented urea-unfolded actin to puri®ed eukaryotic PFD. The resulting reaction products were isolated by gel ®ltration. A symmetrical peak emerged from the column with an apparent M r of~120 kDa (Figure 2A ). Analysis of this material by SDS±PAGE and inspection of the relative intensity of the Coomassie-stained bands corresponding to PFD and actin suggested that at least 30% of the PFD in this material was complexed with actin ( Figure 2B ). Similar results were obtained when the same biochemical material was examined by electron microscopy of negatively stained specimens, and the isolated particles subsequently were subjected to image classi®cation methods. From these, 27% of the PFD particles were shown to contain a stain-excluding region at the level of the distal parts of the tentacles (a gallery of such particles is shown in Figure 2C ). This region was not present in single particles used for the three-dimensional reconstruction of substrate-free PFD ( Figure 1A ). We conclude that eukaryotic PFD binds to unfolded or partially folded actin via the distal end of its tentacles. This conclusion was reinforced as a result of three-dimensional reconstruction of the PFD:actin complex by electron microscopy of randomly oriented, negatively stained specimens of the previously classi®ed PFD:actin complexes ( Figure 2D±F ). The PFD:actin complex reconstructed volume revealed similar structural features to those described for substrate-free eukaryotic PFD, i.e. the same jelly®sh-like appearance and the same kink in the two most peripheral tentacles. Such a kink is not present in the atomic structure of the archaeal PFD that was used as an initial model. The main difference consists of an almost cylindrical mass that traverses the PFD cavity of the PFD:actin complex and which interacts with the distal regions of the tentacles ( Figure 2G ). This mass, clearly representing the bound actin molecule, extends across the PFD molecule; the possible biological relevance of this observation is discussed below. The relatively low percentage of PFD:actin complexes obtained both biochemically and by image classi®cation methods may be a result of dissociation during the isolation procedure, or there may have been a relatively low ef®ciency of formation of PFD binding-competent conformations formed upon dilution of the actin target protein from denaturant.
Complexes between CCT and PFD We co-incubated CCT and PFD and resolved the reaction products by gel ®ltration. Examination by SDS±PAGE of the content of the peak emerging from the column with an apparent M r of~700 kDa ( Figure 3A ) showed it to contain peptides corresponding to both chaperones ( Figure 3B ). Upon examination in the electron microscope of the products of the co-incubation reaction,~30% of the CCT particles appeared with one or both of the rings capped by a small structure. These complexes never appeared when CCT preparations were visualized in the absence of PFD. Although the proportion of CCT:PFD complexes generated was quite low, we found that this could be increased by including a molecular crowding agent such as dextran-10 or dextran-60 (data not shown), presumably re¯ecting a relatively weak association between the two chaperones.
To determine the shape of these complexes clearly, side views of negatively stained CCT particles were classi®ed and homogeneous populations were averaged. As a result, together with the characteristic barrel shape of uncomplexed CCT particles ( Figure 3C ), two other CCT structures were observed in which an`inverted U-shape' structure was seen to be interacting with the apical domain of one ( Figure 3D ) or both ( Figure 3E and F) CCT rings. These three different classes of CCT particle have a size and shape that we ascribe to PFD-free CCT, asymmetric and symmetric CCT:PFD complexes, respectively, in which the PFD oligomer binds to CCT via the distal regions of its tentacles.
Three-dimensional structure of the CCT:PFD complex To study the interaction between CCT and PFD in more detail, a three-dimensional reconstruction of the CCT:PFD complex was carried out using unstained, frozen-hydrated preparations. After image classi®cation and removal of the few CCT:PFD asymmetric particles and other particles with low correlation coef®cients (see Materials and methods), a homogeneous population of 1385 CCT:PFD symmetric particles was obtained and used to generate a three-dimensional reconstruction of the CCT:PFD symmetric complex ( Figure 4A and B). Compared with the three-dimensional reconstruction of apo-CCT (Llorca et al., 2000) (Figure 4C ), the CCT:PFD complex shows some shared structural features such as the handedness of the particle and the`windows' present at the level of the intermediate domain of each of the CCT monomers ( Figure 4A and B). More important, however, are the structural differences, principal among which is a mass protruding from the apical domains of the two chaperonin rings. The most peripheral part of the protruding masses is rectangular in shape ( Figure 4D ), and is similar to the double b-barrel platform that links all six PFD subunits in the archaeal chaperone (Siegert et al., 2000) . The peripheral tentacles interact with the CCT apical domains, and the central tentacles hang from the platform (see top ring in Figure 4B ). A second difference lies in the upward movement of the apical domains of the chaperonin, induced by the interaction with PFD, also observed in the two-dimensional average images of the asymmetric and symmetric CCT:PFD complexes ( Figure 3D±F ), and which is much more evident here. Although the level of resolution obtained for the bound PFD molecules is low (30 A Ê ), the volume reconstructed has important implications regarding the interaction between the two chaperones. Inspection of the way PFD interacts with CCT reveals that this occurs through two CCT subunits placed in a 1,4 arrangement ( Figure 4D ), in the same manner that unfolded actin has been observed to interact with CCT (Llorca et al., 1999 (Llorca et al., , 2000 . Only a single population of CCT:PFD symmetric complexes was obtained during the classi®cation procedures leading to the three-dimensional reconstruction of the CCT:PFD complex. This implies that the interaction observed is unique, i.e. speci®c subunits of PFD interact with speci®c subunits of CCT. Indeed, careful observation of the CCT:PFD symmetric complex revealed that the two CCT subunits that interact with PFD in each ring are in contact with the other two PFDinteracting subunits from the other ring through their equatorial domains (see Figure 4E ). This de®nes the phasing with respect to the subunits in the two rings of CCT (see diagram in Figure 4E ).
Discussion
Interaction between PFD and unfolded actin PFD is a molecular chaperone that interacts with certain non-native proteins and protects them from aggregation pending their transfer to chaperonin for the ®nal step(s) in their folding (Geissler et al., 1998; Vainberg et al., 1998) . PFD can therefore legitimately be considered as a cochaperonin, although its role seems to be quite different Interaction of PFD with unfolded actin and CCT from that played by classical co-chaperonins such as GroES, which acts by capping the GroEL cylinder.
It has been shown that hetero-complexes formed by coassembly of subunits of archaeal and yeast origin can partially complement yeast strains lacking some b-like subunits (Gim1; Leroux et al., 1999) . This in itself suggests that all PFD complexes share a similar threedimensional structure. Indeed, the three-dimensional reconstruction of human PFD generated by electron microscopy uncovers similar basic structural features to those present in its archaeal counterpart ( Figure 1B±E ), i.e. a platform from which six tentacles hang. The shape of the molecule and the role of this chaperone in preventing the aggregation of nascent proteins strongly suggest that the tentacles of the oligomer serve to embrace and thus protect the unfolded substrate from unwanted interactions. Indeed, deletion experiments show the tips of the tentacles to be required for substrate binding (Siegert et al., 2000) . Our three-dimensional reconstruction of the complex between human PFD and denatured actin is consistent with these results, with the unfolded actin located along the interior of the PFD cavity, bound to the tips of the tentacles ( Figure 2D±F ). The PFD-bound, unfolded actin has a rod-like shape ( Figure 2G ) very suggestive of the structure that is thought to be recognized by and bound to CCT (Llorca et al., 1999 (Llorca et al., , 2000 . Docking of this molecule into the volume of the actin complexed to PFD ( Figure 5A ) is very good, and strengthens the notion that unfolded actin may have acquired this quasi-native conformation before interacting with CCT. This conclusion is consistent with Fig. 5 . Model of the interaction between denatured actin and PFD. (A) Several views of the three-dimensional reconstruction of the PFD:actin complex in which the atomic model of unfolded actin generated upon its docking into the three-dimensional reconstruction of actin bound to nucleotide-free CCT (Llorca et al., 1999 (Llorca et al., , 2000 has been ®tted into the actin part of the PFD:actin complex. The envelope of the tips of the PFD:actin complex has been drawn as a yellow grid to allow visualization of the atomic model of unfolded actin. (B and C) Bottom and top views, respectively, of the tips of the tentacles of the atomic structure of the archaeal PFD from M.thermoautotrophicum (Siegert et al., 2000) . (D and E) The same views of the structural model generated with human PFD subunits. In these images, the a and b archaeal subunits were used as templates, and the human a-and b-like subunits were placed in the center and outer positions, respectively. The b-like subunits are placed randomly. Human PFD was modeled using the homology modeling programs Swiss-PdbViewer and Swiss-Model (Guex and Peitsch, 1997; Schwede et al., 2000) . In (C) and (E), the base of the structure and part of the tentacles have been removed to allow visualization of the outer surface of the tentacle tips. Surfaces (negatively charged residues in red, positively charged residues in blue) were generated using GRASP (Nicholls et al., 1991) . (F) Several views of the modeled interaction between unfolded actin and PFD. The atomic structure of the archaeal PFD and the atomic model of unfolded actin shown in (A) were used as structures for the modeling of this interaction. Actin residues putatively involved in the interaction of PFD with CCT are highlighted as follows: residues involved in the interaction with CCT (Llorca et al., 2000 (Llorca et al., , 2001b (red); residues involved in PFD binding (Rommelaere et al., 2001 ) (yellow); residues involved in both functions (green).
data showing that denatured actin is capable of spontaneously acquiring a large portion of its native tertiary structure (Schu Èler et al., 2000) .
Given the structural data presented here, we conclude that the interaction between unfolded actin and PFD must be of a speci®c nature and must be governed by contacts between particular domains in both the chaperone and its substrate. Compared with the paucity of positive and negatively charged amino acids in the interior of the tentacle tips of archaeal PFD (Figure 5B ), the same regions of the modeled eukaryotic PFD are covered by charged residues ( Figure 5D ). Using truncation and mutagenesis experiments, Rommelaere et al. (2001) have identi®ed two regions in actin and tubulin that are required for their interaction with PFD. Interestingly, in the atomic model of quasi-folded actin bound to CCT (Llorca et al., 2000) , these two actin PFD-binding regions [site I (residues 60±79) and site II (residues 170±198)] are located on the surface and face the PFD tentacles (yellow and green regions in Figure 5F ). These observations reinforce the idea that unfolded actin interacts with PFD in a quasifolded conformation that requires the protection of the chaperone. PFD has been shown to bind unfolded actin after the synthesis of the ®rst~145 amino acids (Hansen et al., 1999) . Importantly, these 145 residues form the N-terminal domain of actin (Kabsch et al., 1990) . Similarly, PFD interacts with unfolded b-tubulin after the synthesis of the ®rst~250 amino acids, slightly longer than the region that constitutes its N-terminal domain (Nogales et al., 1998) . In both actin and tubulin, the two fragments that are necessary for PFD interaction encompass the strongest PFD-binding domains described by Rommelaere et al. (2001) . Taken together, these results suggest that the nascent ribosome-associated actin chain binds to PFD via PFD-binding site I, once the N-terminal domain has folded (or at least attained a quasi-folded conformation). This PFD:actin complex persists until completion of actin synthesis, followed by folding of the second, C-terminal domain, which binds to PFD via PFDbinding site II. The complete actin molecule bound to PFD may thus attain a conformation in which the two domains are folded or almost folded ( Figure 5F ), a conformation that is well suited for its transfer to CCT (see below).
Interaction between PFD and CCT It has been shown previously that productive actin folding is accelerated at least 5-fold in the presence of PFD . In this reaction, PFD transfers the unfolded substrate to CCT through a mechanism that does not involve the release of the substrate into solution, but occurs via a physical interaction between PFD and CCT (Vainberg et al., 1998) . The interaction between PFD and CCT is probably transient in vivo. Here we used gel ®ltration and electron microscopy to identify and visualize complexes formed between eukaryotic PFD and CCT (Figures 3 and 4) .
Two types of CCT:PFD complexes were identi®ed, one asymmetric with a PFD oligomer bound to one of the CCT rings, and a more preponderant symmetric complex with a PFD oligomer bound to each of the two CCT rings. This is surprising, in that the existence of CCT:PFD symmetric complexes contrasts with previous data in which actin or tubulin was found bound to only one of the CCT rings, regardless of the amount of unfolded substrate presented to the chaperonin (Llorca et al., 1999 (Llorca et al., , 2000 (Llorca et al., , 2001a . It is possible that in the presence of target protein, PFD interacts with CCT in such a way as to give rise to an interring signal that prevents a second substrate molecule from binding to the opposite CCT ring. Alternatively, it is possible that only in the presence of PFD, their natural carrier, do actin or tubulin molecules interact with both rings of CCT. Examination of stable CCT:PFD:actin complexes would distinguish between these possibilities. Thus far, however, all attempts to form such ternary complexes have been unsuccessful, probably because of their very transient existence.
The two-dimensional average images of the CCT:PFD complexes clearly showed that the interaction between the two chaperones occurs at the level of the outer regions of the PFD tentacles and the inner surface of the apical domains of the chaperonin (Figure 3 ). The interaction with each of the CCT rings differs in orientation with respect to the longitudinal axis of the chaperonin (see Figure 3F ). This observation was con®rmed in the three-dimensional reconstruction of the CCT:PFD symmetric complexes generated by cryoelectron microscopy of frozen-hydrated specimens (Figure 4) . The volume generated revealed, besides the two PFD oligomers bound to the apical domains of each CCT ring, an upward movement of the apical domains of the chaperonin that is induced by the binding of the chaperone.
Three-dimensional reconstruction of the CCT:PFD complex also showed that the PFD oligomers interact in each ring with two CCT subunits placed in a 1,4 arrangement. This mode of interaction is identical to that found in complexes between CCT and unfolded actin. In the latter case, the interaction is not only geometry dependent but also subunit speci®c, with the unfolded actin binding through the tip of the small, N-terminal domain to the CCTd subunit and through the tip of the large, C-terminal domain to either the CCTb or CCTe subunit (Llorca et al., 1999) . Because each of the six PFD subunits is different, it is not dif®cult to envisage an interaction between CCT and PFD that is also subunit speci®c. This notion is reinforced by the presence of a large number of charged residues in the exterior of the tentacle tips of eukaryotic PFD ( Figure 5E ) that are absent in the archaeal counterpart ( Figure 5C ). Two other observations support this idea further. First, the threedimensional reconstruction of the CCT:PFD complex corresponds to the only population of symmetric CCT:PFD complexes detected during the classi®cation procedure, which clearly suggests that the way in which the two PFD oligomers interact with CCT is unique. Since it has been established that the subunits within CCT are arranged with a de®ned geometry (Liou and Willison, 1997) , it follows that interactions between the PFD oligomer and the two rings of the chaperonin occur through the same two CCT subunits. Secondly, the two PFD-interacting CCT subunits from a given ring are in contact with the corresponding pair in the opposite ring through their equatorial domains (as described in Figure 4E ). Thus, one of the two CCT subunits involved in PFD binding (which we arbitrarily de®ne as CCT1) interacts indirectly with the other PFD-binding subunit within the same CCT ring (i.e. CCT4) via PFD itself, and directly with CCT4 from the other ring through their equatorial domains. These kinds of interaction could generate intra-and/or inter-ring signaling and thereby contribute to the functional cycle of CCT, in the same way that binding of GroES to a given GroEL ring generates a set of signals that in¯uence the opposite GroEL ring (Rye et al., 1997) . This analysis also leads to a model for the phasing of the subunits in the two rings of CCT (diagram in Figure 4E) .
A model for the interaction between actin, PFD and CCT A model depicting the interaction between denatured actin, PFD and CCT is presented in Figure 6 . This model, which uses the atomic model of open actin docked into the three-dimensional reconstruction of the CCT:actin complex (Llorca et al., 2000) , and the atomic structure of archaeal PFD (Siegert et al., 2000) placed in such a way that it ®ts the density mass of the PFD oligomer within the three-dimensional reconstruction of the CCT:PFD complexes, is completely consistent with the two-dimensional average images and the three-dimensional reconstruction of the CCT:PFD complexes shown in Figures 3 and 4 . According to this model, the PFD:actin complex interacts with speci®c CCT subunits and presents the CCT-binding regions of partially unfolded actin to the apical domains of speci®c CCT subunits (red and green regions in Figure 6 ). It is tempting to speculate that the CCT subunits involved in the binding of PFD and partially unfolded actin are the same. If this is the case, the PFD:actin complex would interact with CCTd and CCTb or with CCTd and CCTe. As stated above, CCT and PFD interact in a unique way, so that only one of the two possible modes of interaction described for actin is possible in this case. Taken together, the data presented here suggest a mechanism whereby PFD recognizes and binds actin in an open, quasi-folded conformation via the tips of its tentacles. The PFD:actin complex thus formed binds to CCT, and PFD is then displaced by the CCT binding of the actin it is carrying. CCT then stabilizes this intermediate actin conformation, and folding proceeds to completion following conformational changes promoted by the cytosolic chaperonin upon nucleotide binding.
Materials and methods
Puri®cation of CCT and eukaryotic PFD CCT was puri®ed from soluble extracts of bovine testis (Gao et al., 1994) by a modi®cation of the procedure of Norcum (1996) . Brie¯y, an ammonium sulfate cut (30±50%) was prepared and redissolved in buffer [50 mM HEPES pH 7.2, 5 mM MgAc, 0.5 mM EDTA, 1 mM dithiothreitol (DTT), 10% glycerol, 1 mM phenylmethylsulfonyl¯uoride (PMSF)]. This material was centrifuged over sucrose cushions containing 1.0 M sucrose, and proteins migrating into this sucrose layer were puri®ed further by cation exchange chromatography on a column of heparin± agarose as described (Norcum, 1996) . Fractions emerging from this column were identi®ed by SDS±PAGE as containing CCT by the characteristic appearance of a cluster of bands in the 55±62 kDa range. These fractions were pooled and puri®ed further ®rst by af®nity selection on a column of agarose-bound ATP and then by gel ®ltration on a Superose 6 column as described (Gao et al., 1992) . Material thus obtained was stripped of bound target protein by incubation for 1 h at 30°C in folding buffer (Tian et al., 1995) containing 1 mM ATP and a 5-to 10-fold molar excess of puri®ed Hsp60 SR1 (Nielsen and Cowan, 1998) . This mutant form of the mitochondrial chaperonin was included as a trap for the capture of cycling target proteins (Weissman et al., 1995; Farr et al., 1997) . CCT was re-isolated from this reaction mixture by cation exchange chromatography on a column of agarose-bound heparin. This material was judged by Coomassie Blue staining of SDS gels to be minimally 98% pure, and (in contrast to CCT that had not been thus treated) contained barely detectable amounts of actin or tubulin target proteins as judged by western blotting with anti-actin or anti-tubulin monoclonal antisera (data not shown).
Bovine PFD was puri®ed from the same ammonium sulfate cut prepared from a soluble bovine testis tissue extract as described above, using the chromatographic dimensions described (Vainberg et al., 1998) . Human PFD was assembled from individual subunits of PFD produced individually as soluble recombinant proteins in E.coli (C.T.Simons, S.A. Lewis, F.Bartolini and N.J.Cowan, unpublished data) . This human recombinant PFD behaved like puri®ed bovine PFD in all in vitro binding and folding assays. Figure 5 interacts with speci®c CCT subunits through the tips of some of the PFD subunits and presents the actin molecule to the CCT subunits that interact with this molecule (Llorca et al., 1999) . The actin molecule has been ®tted into the actin part of the three-dimensional reconstruction of the CCT:actin complex used to generate the model (Llorca et al., 2000) . The color code of the actin molecule is as in Figure 5 .
Formation of PFD:actin and CCT:PFD complexes PFD:actin binary complexes were formed by rapid dilution from 8 M urea of denatured, puri®ed b-actin into 60 ml of folding buffer (Tian et al., 1995) containing puri®ed bovine PFD (1.1 mg/ml) and incubating for 1 h on ice. The ®nal concentration of actin in these reactions was 10 mM. The reaction mixture was applied to a 2 ml column of Superdex 200 run in 20 mM Tris±HCl pH 7.3, 0.15 M NaCl, 1 mM EGTA, 1 mM DTT, using an Amersham Pharmacia Smart system. PFD:actin complexes made in this way yield native actin when incubated with CCT and ATP (Vainberg et al., 1998) .
CCT:PFD complexes were generated by co-incubating puri®ed bovine CCT and recombinant human PFD at 30°C at a molar ratio of 1:10 for 10 min. This material was applied to a 2 ml Superose 6 gel ®ltration column run in 20 mM MES pH 6.8, 20 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 1 mM DTT. Fractions emerging from the column were analyzed by SDS±PAGE.
Electron microscopy For cryoelectron microscopy, 5 ml aliquots of a solution containing CCT:PFD complexes were applied to glow-discharged carbon grids for 1 min, blotted for 5 s and frozen rapidly in liquid ethane at ±180°C. Images were recorded at 0°-tilt under minimum dose conditions in a JEOL 1200EX-II electron microscope equipped with a Gatan cold stage operated at 120 kV and recorded on Kodak SO-163 ®lm at 60 000Q nominal magni®cation and~2.0 mm underfocus. For electron microscopy of negatively stained samples, aliquots were applied to glow-discharged carbon grids for 1 min and then stained for 1 min with 2% uranyl acetate.
Images were recorded at 20°-tilt, in the same way as for cryoelectron microscopy experiments.
Image processing, two-dimensional averaging and three-dimensional reconstruction Micrographs were digitized in a Zeiss SCAI scanner with a sampling window corresponding to 2.4 A Ê /pixel for PFD and the PFD:actin complex, and 3.5 A Ê /px for the CCT:PFD complexes. For two-dimensional classi®cation and averaging, images were selected, aligned using a freepattern algorithm (Penczek et al., 1992) and classi®ed using a selforganizing map algorithm as described by Marabini et al. (1998) . The resolution of the average images was estimated by the spectral signal to noise ratio (SSNR) method (Unser et al., 1987) and average images subsequently were ®ltered to the resolution obtained.
Three-dimensional reconstructions of PFD and PFD:actin complexes were generated respectively from 971 and 5026 negatively stained, randomly oriented particles. The orientations of particles were determined using the angular re®nement algorithms provided by SPIDER (Frank, 1996) . As a ®rst model for the iterative procedure, the atomic structure of the archaeal PFD from M.thermoautotrophicum (Siegert et al., 2000) with the resolution limited at 35 A Ê was used to determine the rough orientation of the particles. All subsequent volumes were generated with the eukaryotic particles using ART (algebraic reconstruction techniques) with blobs (Marabini et al., 1998) . No symmetry was applied to any of the volumes generated during the iterative procedure. In the case of the PFD:actin complexes, the following strategy was used to separate the actin-containing PFD particles from the substrate-free ones. First, all the particles were re®ned against the atomic structure of the archaeal PFD from M.thermoautotrophicum (Siegert et al., 2000) with the resolution limited at 35 A Ê . Then the particles were classi®ed, attending to the angles provided by the re®nement procedure. In this way, two main populations (accounting for 90% of the total number of particles) were obtained: those having an`M' shape (70% of the total number of particles) and those having a`U' shape (20% of the total number of particles) (see the two galleries of Figure 2C ). These two populations were subjected independently to a second classi®cation procedure, using neuronal networks (Marabini and Carazo, 1994) , to separate the actin-free particles from the PFD:actin complexes. This procedure yielded 1379 PFD:actin particles classi®ed as such (27% of the total number of particles, a value very similar to that obtained in biochemical experiments) that were selected to perform the re®nement using the standard iterative procedure. In this case, and although the volume used in the ®rst iteration was the same as that utilized for the reconstruction of substrate-free PFD, the volume generated showed an additional mass crossing the PFD cavity. This clearly indicates that the procedure followed does not introduce a bias towards the ®rst volume used. The volume was re®ned several times until no further improvement was obtained. In the three-dimensional reconstruction of both PFD and PFD:actin complexes, some particles were discarded using the correlation coef®cients of each particle with the model. By performing this process iteratively, ®nal reconstructions were made of homogeneous populations. The ®nal resolution was estimated with the 0.5 criterion for the Fourier shell correlation coef®cient between two independent reconstructions using the`Bsoft' software package (Heymann, 2001) . The values obtained, 24 A Ê for PFD and 26 A Ê for the PFD:actin complex, were used to low-pass ®lter the volumes.
Three-dimensional reconstruction of the CCT:PFD symmetric complex was carried out from 1625 side views whose orientations were determined using angular re®nement algorithms provided by SPIDER. As a preliminary three-dimensional reference model for this procedure, a volume was generated by applying 8-fold symmetry to the frozenhydrated average image of the side view of the CCT:PFD symmetric complex. This initial re®nement yielded a ®rst volume that is asymmetric (due to the noisy nature of the cryoimages), and this asymmetric volume was then used as the ®rst model for the iterative re®nement procedure. No symmetrization was applied to any of the volumes obtained during the iterative procedure or to the ®nal volume shown in this work. Volumes were again generated using ART with blobs. The resolution obtained (30 A Ê ) was used to low-pass ®lter the volume. Visualization of the volumes was carried out using AMIRA (http://amira.zeb.de).
Modeling of PFD:actin and CCT:PFD:actin complexes To model the PFD:actin complex, the atomic structure of actin (Kabsch et al., 1990) opened to ®t the three-dimensional reconstruction of actin bound to nucleotide-free CCT (Llorca et al., 2000) was docked visually using`O' software (Jones et al., 1991) into the actin part of the threedimensional reconstruction of the PFD:actin complex. In the case of the CCT:PFD:actin complex, the atomic structure of PFD from the archaea M.thermoautotrophicum (Siegert et al., 2000) was docked visually into the three-dimensional reconstruction of the CCT:actin complex. Visualization of the structures was carried out using VMD (Humphrey et al., 1996) .
